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Abstract
Colorectal cancer is the third most common cancers worldwide. Early detection and treatment will improve the survival 

and prognosis. Despite the significant progress in non-invasive detection strategies, there are still a lot of limitations hindering 
them to become a routine practice. Therefore, it is necessary to explore other ways of non-invasive detection of colorectal 
cancer. Tongue coating is an attractive specimen which is completely non-invasive and safe for colorectal cancer detection 
as tongue is connected to the large intestine directly. In this study, we hypothesized that tongue coating may contain DNA 
arising from the primary tumor of the large intestine. To test this hypothesis, targeted sequencing which profiled somatic 
mutation hotspots in 48 cancer-associated genes was performed using tongue coating samples, the primary tumor and adjacent 
normal colorectal epithelial tissues from the same patient. We aimed to find out if there are tumor-associated mutations in the 
tongue coating samples. Results showed that 2 to 6 tumor-associated mutations, located in 8 genes of KIT, CDH1, CTNNB1, 
GNAS, RET, SMAD4, HNF1A and RB1, were found. Furthermore, 80-85% of the sequence variations were not detected 
in the corresponding buccal swab samples. Finally, 60-100% of the tumor-derived mutations in tongue coating disappeared 
after surgical operation. These interesting results are the first to demonstrate the presence of tumor-derived DNA mutations in 
the tongue coating of colorectal cancer patients. Moreover, these findings have shown the feasibility of using tongue coating 
samples for colorectal cancer detection and monitoring.
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Introduction
Colorectal cancer (CRC) is one of the most common cancers 

worldwide and it is the most common cancer and the second 
leading cause of cancer deaths in Hong Kong [1]. The disease is 
highly curable if detected at an early stage. However, early CRC is 
mostly symptomless [2]. A variety of screening tests have therefore 
been investigated for early detection of CRC [3,4]. Among them, 
faecal occult blood test has been the most extensively investigated, 
but it has low detection sensitivity on each round of screening 
[3,4]. Colonoscopy and sigmoidoscopy are the gold standards for 
examination of the colon and rectum. However, the cost, the need 
of full bowel preparation and sedation, and the small but definite 
risk of perforation make them less suitable for a widespread 
population screening [3,4]. Hence, there is a need to develop new 
non-invasive diagnostic methods for the detection and monitoring 
of CRC. 

Carcinoembryonic antigen (CEA) is a widely used serum 
marker for CRC, but is unreliable in detecting postoperative 
recurrence [5]. Other biomarkers utilizing thymidylate synthase 
[6], vascular endothelial growth factor [7], loss of heterozygosity 
at 18q [8] and microsatellite instability [9] may either be prognostic 
or predictive of treatment response. However, they could not 
provide additional clinical values to the classical method using 
histopathologic features by pathologists. Imaging modalities such 
as positron emission tomography scan and magnetic resonance 
colonoscopy are useful in the prognosis of long-term survival of 
CRC patients, but these methods are too expensive for routine 
postoperative surveillance. 

In Hong Kong as well as in other Western countries, 25% 
and 30% of CRC patients, present respectively with Tumor -Node-
Metastasis (TNM) stages II and III [10], have a high risk of post-
operative recurrence [11]. Historically, their 3-year disease-free 
survival was about 45-55%, and the 5-year overall survival was 
only 60% among patients who were treated with surgery alone [12]. 
The use of adjuvant 5-fluorouracil (5-FU)-based chemotherapy 
improves the disease-free survival by an absolute margin of around 
16-18%, and overall survival of around 10-12% [13]. Oxaliplatin 
further adds to the benefit of 5-FU [14]. However, both 5-FU and 
oxaliplatin have acute and long term side effects, and not all CRC 
patients benefit from such treatment [14]. Hence, these adjuvant 
chemotherapies should be applied carefully. TNM classification is 
the most commonly used method in making therapeutic decision, 
but it is not reliable in identifying patients with “high-risk stage 
IIB” CRC who may need more aggressive adjuvant chemotherapy 
[6].

As the clinical behaviour of CRC is resulted from genetic, 
epigenetic and environmental interactions at multiple levels, 
a thorough understanding of the molecular basis of CRC is of 
utmost important to develop effective control measures. With the 
advent of high-throughput Next Generation Sequencing (NGS) 

technologies, it is an appropriate time to discover more clinically 
relevant markers which will improve the patient outcome.

Targeted sequencing, which involves a selective enrichment 
or amplification of genomic regions of interested before NGS, has 
provided a cost-effective alternative for mutation profiling of a 
relatively large number of samples. For example, Han et al have 
sequenced the exons of 183 cancer-related genes in 60 colorectal 
adenocarcinomas and identified APC, TP53, and KRAS as the 
most commonly altered genes [15]. Moreover, Shao et al have 
sequenced the whole gene-body regions of 28 genes related to 
CRC in 30 cancer samples, and found that two single-nucleotide 
polymorphisms in the genes of antigen presenting tapasin binding 
protein and transcription factor 3 were associated with patient 
survival [16]. Targeted NGS may therefore represent a valuable 
tool for a systematic screening and identification of novel tumor 
markers which could potentially improve the diagnostic accuracy 
as well as tumor classification of CRC [17]. 

Tongue coating is a potentially attractive kind of specimen 
for clinical diagnostic laboratory because its collection is simple 
and completely safe. However, only a few studies on the disease 
association of tongue coating have been reported thus far. In 
the patients with chorionic gastritis, microbial ribosomal RNA 
patterns and markers of glucose metabolites in tongue coating 
have been investigated [18]. A differential expression of keratin 
has also been observed in the tongue coating of patients with 
hepatitis B [19]. Recently, Jiang et al have correlated traditional 
Chinese medicine based tongue diagnosis with the tongue coating 
microbiomes as determined by NGS in chronic atrophic gastritis 
patients [20]. Apart from microbial nucleic acid analysis, there is 
a lack of molecular study on the non-oral-derived DNA in tongue 
coating. Being both the organs of the digestive system, the tongue 
is all the way linked to the large intestine. We therefore hypothesize 
that tongue coating may contain DNA arising from the primary 
tumor of the large intestine. To test this hypothesis, targeted NGS 
was performed for all of the samples using the TruSeq Amplicon 
Cancer Panel (Illumina, Inc, San Diego, USA) which profiled 
somatic mutation hotspots in 48 cancer-associated genes.

Results
Targeted sequencing allows a high-level sample multiplexing 

and deep-coverage profiling of the presumably low fractional 
amount of colorectal-derived DNA in tongue coating. According 
to the manufacturer’s information, a single targeted sequencing 
run with 20 pooled samples would give an average sequencing 
depth of over 1000-fold per sample (Illumina). Hence, a 20-plex 
targeted NGS was performed in this study. 

 We obtained average sequencing coverages of 1325x, 
1273x and 1873x for the tumor tissues, adjacent normal tissues 
and tongue coating samples, respectively. For each patient, we 
identified tumor - associated somatic mutations by sorting for 
sequence variations that were present in the tumor tissue but 
absent in the paired adjacent normal tissue (Figure. 1). After that, 
we determined if these tumor - associated mutations were found in 
the tongue coating of the respective patient (Figure. 1). As shown 
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in (Table 1), we identified 2 to 6 tumor - associated mutations in the tongue coating samples. Interesting, these mutations were located 
in 8 genes, i.e., KIT, CDH1, CTNNB1, GNAS, RET, SMAD4, HNF1A and RB1, which have been reported to be related to CRC (Table 
2). A detailed annotation of each variant detected was shown in (Table 3). The number of tumor – associated mutations in the tongue 
coating samples was correlated to TNM stages of CRC patients (Kruskal-Wallis test, p < 0.005, Figure 2). 

Figure 1: Illustration of project workflow and data analysis.

Tongue coating samples, tumor tissue, adjacent normal tissue were collected for targeted NGS for each CRC patient. Sequence variations, 
i.e., genomic sites in which alleles alternative to those in the reference human genome (hg19 of UCSC database), were detected.

Table 1. Summary of sequence variations detected by targeted sequencing

CRC 
patients

Number of sequence variationsa
Tumor 

-associated 
mutationsb

Tumor - associated mutations present in 
tongue coatingc

Tumors Adjacent normal 
tissues Tongue coating

Before surgery After surgeryd

1 428 194 36 234 5 2

2 128 46 22 82 3 1

3 105 51 25 54 2 0

4 135 37 25 98 4 1

5 289 78 34 211 5 3

6 65 24 23 41 4 0

7 71 32 18 39 3 1

8 74 27 28 47 6 1

9 554 444 106 110 5 1

10 512 267 87 245 4 0

11 426 117 29 309 5 2

12 146 52 28 94 4 0

13 157 37 24 120 3 1

14 234 58 41 176 5 2
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15 315 152 77 163 4 1

16 117 43 13 85 3 0

17 56 18 7 74 2 0

18 319 162 68 157 4 1

19 83 24 10 59 3 1

20 162 69 26 93 3 0

21 267 134 64 133 4 0

22 202 126 53 76 5 2

23 148 54 19 94 2 0
aIllumina TruSeq Amplicon Cancer Panel, which simultaneously detected somatic mutation hotspots in 48 cancer-associated genes, was 
utilized to detect the present of alternative alleles in the targeted genomic regions.  
bSequence variations that were present in the tumors but absent in paired adjacent normal tissues.
cTumor - associated mutations that were present in tongue coating of the corresponding patients.
dTongue coating samples collected at day 6 after surgical tumor resection.

Table 2.  The genes in which the tongue coating tumor - associated mutations are located and their reported relationships with CRC

V-kit Hardy-Zuckerman 4 feline sarcoma 
viral oncogene homolog (KIT)

A proto-oncogene that contributes to L1-mediated metastasis. KIT over-expression was 
suggested to be a prognostic factor for TNM stage II CRC

Cadherin 1, type 1, E-cadherin, epithelial 
(CDH1)

A CRC susceptibility locus. Its promoter variation (-347GàGA) may be a prognostic factor of 
sporadic CRC. Down-regulation of the protein is important for invasion and metastasis of CRC, 
and a prognostic factor of sporadic CRC.

Catenin (cadherin-associated protein) beta 1 
(CTNNB)

The protein is a key player in the Wnt pathway that is critical in sustaining cancer initiating cells 
in the colon. The nuclear over-expression of β-catenin is associated with disease progress and 
worse prognosis in CRC patients

GNAS complex locus (GNAS) GNAS mutations are not frequently observed but are functionally significant in CRC. GNAS 
mutations are a characteristic genetic feature of colorectal villous adenoma

Ret proto-oncogene (RET)
RET is a tumor suppressor in CRC as it induces apoptosis and suppress anchorage independent 
growth in CRC cancer cells. Mutational inactivation and aberrant methylation of RET promote 
CRC formation and progression

SMAD family member 4 (SMAD4)
The gene is located in human chromosome 18q21, a region with frequent genetic loss of 
heterozygosity in CRC. SMAD4 mutations are found in approximately 10% of sporadic CRC. 
Loss of SMAD4 protein is strongly correlated with CRC progression and is a prognostic marker 
in CRC

Retinoblastoma 1 (RB1)
RB1 is a tumor suppressor gene and the protein is a negative regulator of cell cycle. Over-
expression of RB1 mRNA was observed in CRC tissues, and it is a prognostic biomarker in 
tumorigenesis of sporadic CRC

HNF1 homeobox A (HNF1A) Defect of the gene causes maturity-onset diabetes of the young. The gene was hypermethylated 
in colon cancer cell lines
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Table 3: Annotation of each variant detected in the tongue coating DNA samples

Gene Variant Chromosome Coordination Transcript Consequence HGVSc HGVSp

KIT G>C 4 55602765 NM_000222.2 synonymous variant NM_000222.2:c.2586G>C NM_000222.2:c.2586G>C(p.=)

KIT A>C 4 55593464 NM_000222.2 missense variant NM_000222.2:c.1621A>C NP_000213.1:p.Met541Leu

CDH1 G>A 16 68847302 NM_004360.3 synonymous variant NM_004360.3:c.1224G>A NM_004360.3:c.1224G>A(p.=)

RET G>T 10 43615633 NM_020975.4 synonymous variant NM_020975.4:c.2712C>G NM_020975.4:c.2712C>G(p.=)

RB1 C>T 13 48919219 NM_000321.2 synonymous variant NM_000321.2:c.384C>T NM_000321.2:c.384C>T(p.=)

CTNNB1 A>C 3 41266037 NM_001098210.1 missense variant NM_001098210.1:c.34A>C NP_001091680.1:p.Met12Leu

GNAS T>C 20 57484417 NM_080425.2 missense variant NM_080425.2:c.2527T>C NP_536350.2:p.Cys843Arg

SMAD4 A>T 18 48584609 NM_005359.5 missense variant NM_005359.5:c.782A>T NP_005350.1:p.His261Leu

HNF1A C>T 12 121431446 NM_000545.5 missense variant NM_000545.5:c.650C>T NP_000536.5:p.Ala217Val

Stage I Stage II Stage III Stage IV 
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Figure 2: Number of tumor – associated mutations in tongue coating samples from various TNM stages of CRC patients.

To validate the NGS result, we performed direct sequencing for the identified tumor -associated tongue coating mutations in the respective tumors, adjacent normal tissues and tongue 
coating samples. Consistent genotyping results as determined using NGS and direct sequencing were obtained (Figure 3).
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Figure 3: 2 targeted sequencing results were validated by sanger sequencing.
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In order to prove that the identified tumor - associated tongue coating mutations were not originated in the mouth, buccal swab DNA samples from 8 of the 
recruited CRC patients were collected and were analysed by targeted NGS as described above. We found that for each patient, 80-85% of the sequence variations 
found in the tongue coating samples were not detected in the corresponding buccal swab samples, confirming that a majority of these identified mutations were 
indeed tumor - derived. 

For the 23 recruited CRC patients, we further collected their tongue coating samples at day 6 after surgical operation. The samples were analysed by targeted 
NGS as described above. We found that for each patient, 60 – 100% of the identified tumor - derived mutations in tongue coating disappeared, i.e., with no mutant 
alleles observed, after surgical operation (Table 4). The data hence further demonstrated the tumor - specificity of the identified mutations in the tongue coating 
samples.

Table 4. Tumor - associated somatic mutations in the tongue coating DNA samples

CRC 
patients

Tumor - associated mutations in tongue coating

KITa KIT CDH1 CTNNB1 GNAS RET SMAD4 RB1 HNF1A

chr4:
55593464

chr4:
55602765

chr16:
68847302

chr3:
41266037

chr20:
57484417

chr10:
43615633

chr18:
48584609

chr13: 
48919219

chr12:
121431446

A>C G>C G>A A>C T>C G>T A>T C>T C>T

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Mutation 
rates (%)b 47.8% 43.5% 43.4% 56.5% 47.8% 30.4% 60.9% 34.8% 30.4%

Squares in red: mutations that present in tongue coating before surgical operations, and cleared from tongue coating after operations. 
Squares in blue: mutations that remained in tongue coating after surgeries.
aHg19 genome coordinates of the mutations and the cancer - associated genes that the mutations located.
b(number of patients in whom the mutation was observed) / (total number of patients)
Tumor – associated mutations in yellow: synonymous variants with no change in protein sequences. 
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From the NCBI database, KIT chr4: 55602765 G>C, 
CDH1 chr16: 68847302 G>A, RET chr10: 43615633 G>T and 
RB1 chr13: 48919219 C>T are synonymous variants (Table 4). 
Therefore, their protein sequences have not been changed and we 
shall not discuss those results. 

Discussion

In traditional Chinese medicine (TCM), the tongue is 
considered to link to a number of critical internal organs, and 
the appearance of tongue coating is one of the most important 
indicators in TCM diagnosis. The biological basis of diagnosis 
using tongue coating, however, is rarely investigated. Thus far, 
there are only a few studies on tongue coating which include the 
microbiome and glucose metabolites in gastritis patients, and 
keratin expression in hepatitis B patients [18-21]. Recently, a 
study by Han et al. has demonstrated the first time that tongue 
diagnosis using the images of tongue and tongue coating analysis 
may provide potential screening and early diagnosis strategies for 
CRC, gastric cancer and lung cancer [22]. 

In this study, we hypothesise that tongue coating may 
contain DNA originated from other internal organs of the body. 
Our hypothesis is based on the fact that the tongue and the large 
intestine are physically linked in the long tube of digestive system. 
Also, the tongue is richly supplied with blood and lymphatic 
vessels, which may provide another route of passage of non-oral-
derived DNA. Therefore, it is logical for us to search for tumor 
- derived DNA in the tongue coating of CRC patients. This study 
involved the profiling of over 212 cancer-related somatic mutations 
in tongue coating and tumor tissues of CRC patients by targeted 
sequencing. A subset of mutation markers that are prevalent in the 
local CRC population are identified, which may be useful for the 
future development of an inexpensive non - invasive screening test 
for CRC using tongue coating.

In this preliminary study, we have been able to detect tumor 
- associated somatic mutations (Range: 2 to 6), i.e. mutations that 
were present in tumor tissues but absent in adjacent normal tissues, 
in the tongue coating of the same CRC patient. Moreover, those 
somatic mutations were reduced after surgery for 6 days (Table 
1). On the other hand, those mutations were found from 30.4% to 
60.9% in the tongue coating of CRC patients (Table 4). 

The description of each tumor -associated somatic mutation 
is shown as follows:

KIT Gene (chr4:55593464, A>C, missense mutations 
M537L or M541L). This gene encodes the human homolog of the 
proto-oncogene c-kit [23]. C-kit was first identified as the cellular 
homolog of the feline sarcoma viral oncogene v-kit [23]. This 
protein is a type 3 transmembrane receptor for MGF (mast cell 
growth factor, also known as stem cell factor) [23]. Mutations in 
this gene are associated with gastrointestinal stromal tumors, mast 
cell disease, acute myelogenous leukemia, and piebaldism [24]. 
Multiple transcript variants encoding different isoforms have been 
found for this gene [24].

According to the ClinVar, NCBI database, the clinical 
significance of this mutation is likely to be benign. CTNNB1 
(chr3:41266037, A>C, missense mutation M12L) 

The protein encoded by this gene is part of a complex of 
proteins that constitute adherens junctions (AJs) [25]. AJs are 
necessary for the creation and maintenance of epithelial cell layers 
by regulating cell growth and adhesion between cells [25]. The 
encoded protein also anchors the actin cytoskeleton and may 
be responsible for transmitting the contact inhibition signal that 
causes cells to stop dividing once the epithelial sheet is complete 
[25]. Finally, this protein binds to the product of the APC gene, 
which is mutated in adenomatous polyposis of the colon [26]. 
Mutations in this gene are a cause of colorectal cancer (CRC), 
pilomatrixoma (PTR), medulloblastoma (MDB), and ovarian 
cancer [26]. Alternative splicing results in multiple transcript 
variants [26].

There has been no report in the ClinVar, NCBI database on 
the position of this missense mutation. GNAS (chr20:57484417, 
T>C, missense mutation C185R, C186R, C200R, C201R) 

This locus has a highly complex imprinted expression pattern 
[27]. It gives rise to maternally, paternally, and biallelically expressed 
transcripts that are derived from four alternative promoters and 5’ 
exons [27]. Some transcripts contain a differentially methylated 
region (DMR) at their 5’ exons, and this DMR is commonly found 
in imprinted genes and correlates with transcript expression [27]. 
An antisense transcript is produced from an overlapping locus on 
the opposite strand [27]. One of the transcripts produced from 
this locus, and the antisense transcript, are paternally expressed 
noncoding RNAs, and may regulate imprinting in this region [27]. 
In addition, one of the transcripts contains a second overlapping 
ORF, which encodes a structurally unrelated protein – Alex [28]. 
Alternative splicing of downstream exons is also observed, which 
results in different forms of the stimulatory G-protein alpha 
subunit, a key element of the classical signal transduction pathway 
linking receptor-ligand interactions with the activation of adenylyl 
cyclase and a variety of cellular responses [28]. Multiple transcript 
variants encoding different isoforms have been found for this gene 
[28]. Mutations in this gene result in pseudohypoparathyroidism 
type 1a, pseudohypoparathyroidism type 1b, Albright hereditary 
osteodystrophy, pseudopseudohypoparathyroidism, McCune-
Albright syndrome, progressive osseus heteroplasia, polyostotic 
fibrous dysplasia of bone, and some pituitary tumors [28].

There has been no report in the ClinVar, NCBI database on 
the position of this missense mutation. SMAD4 (chr18:48584609, 
A>T, missense mutation H261L) 

This gene encodes a member of the Smad family of signal 
transduction proteins [29]. Smad proteins are phosphorylated and 
activated by transmembrane serine-threonine receptor kinases 
in response to TGF-beta signaling [29]. The product of this 
gene forms homomeric complexes and heteromeric complexes 
with other activated Smad proteins, which then accumulate in 
the nucleus and regulate the transcription of target genes [29]. 
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This protein binds to DNA and recognizes an 8-bp palindromic 
sequence (GTCTAGAC) called the Smad-binding element (SBE) 
[30]. The Smad proteins are subject to complex regulation by 
post-translational modifications [30]. Mutations or deletions in 
this gene have been shown to result in pancreatic cancer, juvenile 
polyposis syndrome, and hereditary hemorrhagic telangiectasia 
syndrome [30].

There has been no report in the ClinVar, NCBI database on 
the position of this missense mutation. HNF1A (chr12:121431446, 
C>T, missense mutation A217V). The protein encoded by this gene 
is a transcription factor required for the expression of several liver-
specific genes [31]. The encoded protein functions as a homodimer 
and binds to the inverted palindrome 5’-GTTAATNATTAAC-3’ 
[31]. Defects in this gene are a cause of maturity onset diabetes of 
the young type 3 (MODY3) and also can result in the appearance 
of hepatic adenomas [32]. Alternative splicing results in multiple 
transcript variants encoding different isoforms [32].

There has been no report in the ClinVar, NCBI database on 
the position of this missense mutation. With these preliminary 
results, a long term follow up of those 5 mutations in that cohort 
of CRC patients is being performed. Moreover, a large scale 
study with more CRC patients is now being arranged. Finally, the 
functional significance of those 5 mutations will be examined in 
various CRC cell lines. 

This study represents the first demonstration of the 
presence of colorectal - derived DNA mutations in tongue coating 
using targeted sequencing. The findings can contribute to the 
development of a new and non-invasive molecular test for CRC 
detection, monitoring and treatment. The ultimate outcome is to 
develop a non-invasive test for screening and close monitoring of 
CRC patients. The patients will benefit from early detection and 
treatment of the disease, as well as timely application of adjuvant 
chemotherapy after surgical operation. Besides CRC, this study 
has paved the way for the future study of tongue coating DNA 
relevant to other internal organs.

Materials and Methods

Patients

Twenty-three CRC patients (5 TNM stage I, 6TNM stage 
II , 6 TNMstage III and 6 TNM stage IV) were recruited and 
their tumor tissues, adjacent normal tissues and tongue coating 
samples were collected. The study was approved by the Clinical 
Research Ethics Committee of the Queen Elizabeth Hospital, 
Kowloon Central Cluster, Hospital Authority, Hong Kong Special 
Administrative Region.

DNA extraction

Genomic DNA from the tongue coating was extracted 
using the QIAamp fast DNA tissue kit (Category no: 51404, 
Qiagen, Hilden, Germany) according to the manufacturer’s 
instructions. Besides, genomic DNA from the tumor tissues and 
adjacent normal tissues was extracted using the QIAamp DNA 

formalin fixed paraffin embedded (FFPE) Tissue Kit (Category 
no: 56404, Qiagen) according to the manufacturer’s instructions 
with modifications. Briefly, 15 FFPE sections with 5μm thick 
were deparaffinzed with xylene, followed by overnight proteinase 
K digestion. The mixture was then loaded into the extraction 
column. DNA was eluted in 20µl of water, and quantified by the 
QuantiFluorTM dsDNA system (Promega, Madison, USA).

Targeted NGS using the TruSeq Amplicon-Cancer Panel 

The TruSeq Amplicon – Cancer Panel (Illumina) is a highly 
multiplexed targeted resequencing assay for detecting somatic 
mutations within important cancer-related genes, including BRAF, 
KRAS, and EGFR. This panel provides predesigned, optimized 
oligonucleotide probes for sequencing mutational hotspots in > 
35 kilobases (kb) of target genomic sequence. Forty-eight genes 
are targeted with 212 amplicons in a highly multiplexed, single-
tube reaction. This highly targeted approach enables a wide range 
of applications for discovering, validating, and screening genetic 
variants in a rapid and efficient manner. The sequencing library 
was prepared from extracted DNA using the TruSeq Amplicon 
Cancer Panel Library Preparation Kit (Illumina) according to the 
manufacturer’s protocol. The library of each sample was ligated 
with different indexed sequence. Libraries from 24 samples were 
pooled and sequenced on the MiSeq Sequencer (Illumina) using 
the 2x150 cycle protocol. The sequenced data was processed by 
the MiSeq Reporter software (Illumina). Sequence variations were 
detected by the Somatic Variant Caller (Illumina).

Direct sequencing 

The targeted NGS results were validated by direct sequencing 
with the use of the BigDye Terminator v3.1 Cycle sequencing 
Kit (ThermoFisher Scientific, Waltham, USA) according to the 
manufacturer’s protocol.
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